Brown adipose tissue (BAT) is of great scientific interest as a potential target to treat obesity. The development of novel strategies to quantify brown fat thermogenesis in adult humans now enables minimally invasive assessment of novel pharmacotherapeutics. Input from the central nervous system (CNS) via sympathetic efferents is widely regarded as the key controller of BAT-mediated thermogenesis in response to changes in body temperature or nutrient availability. More recently, however, it has become clear that locally secreted signals and endocrine factors originating from multiple organs can control the recruitment of brown adipocytes and, more importantly, induce thermogenesis in brown fat. Thus, they provide an attractive strategy to fine tune brown fat thermogenesis independent of classical temperature sensing. Here, we summarize recent findings on bone morphogenetic protein (BMP) signaling as an example of secreted factors in the regulation of brown adipocyte formation and systemic control of energy metabolism. We further highlight endocrine communication routes between the different types of brown adipocytes and other organs that contribute to regulation of thermogenesis. Thus, emerging evidence suggests that the classical mechanisms of central temperature sensing and sympathetic nervous system-driven thermogenesis are complemented by local and endocrine signals to determine systemic energy homeostasis.
Introduction
The presence of brown adipose tissue (BAT) in adult humans is well established. 1 The current renaissance of brown fat research has recognized this tissue as a metabolically active part of systemic energy homeostasis and thermoregulation. BAT is detectable in humans and, importantly, can be readily quantified by a combination of positron emission tomography (PET) and computed tomography (CT). In humans, this type of fat is found in different anatomical locations throughout the upper torso and is distinguishable from its energy-storing cousin, white adipose tissue (WAT), by several morphological and functional parameters. While white adipocytes contain a single large lipid droplet to store triglycerides, brown adipocytes are characterized by multiple small lipid droplets and abundant mitochondria that oxidize nutrients and generate heat. Central to its inherent thermogenic activity is uncoupling protein 1 (UCP1), which is uniquely expressed in BAT and therefore serves as a definite marker of brown adipocytes.
Brown fat formation: the role of bone morphogenetic proteins
It is now clear that two types of brown fat exist within the body: classical or constitutive BAT (cBAT), such as interscapular cBAT in mice, resides in preformed depots that are fully developed at birth and that are, at least in rodents, present throughout life. During embryogenesis, this population of brown adipocytes arises from a common progenitor that expresses myogenic transcription factors such as Myf5. 2 These cells give rise to skeletal muscle in addition to cBAT, a process that involves lineage determination through the transcription factor PR domain-containing 16 (Prdm16), thus setting the developmental origin of cBAT apart from WAT. 2 The second type of brown adipocytes resides predominantly within white fat, thus representing a mixture of white and a subset of brownlike adipocytes with a currently unresolved nomenclature, which includes beige, brite (brown-in-white), inducible, or recruitable BAT (rBAT). 3, 4 The formation of brown adipocytes is subject to regulation by developmental signals from the morphogens. Among the classical developmental pathways, hedgehog, 5 Wnt 6 fibroblast growth factor (FGF), 7 and bone morphogenetic protein (BMP) signaling 4, 8, 9 have been implicated in the development of brown adipocytes. Work from our laboratory, among others, has helped to establish the specific role of BMPs in brown adipocyte biology. These secreted proteins regulate a number of developmental processes among which the formation of brown adipocytes represents a previously unrecognized feature. Specifically, the ligand BMP7 is required for the embryonic formation of cBAT, and loss of BMP7 in mice leads to a marked decrease in cBAT mass and a significant reduction in the expression of UCP1 protein. Conversely, in vitro administration of BMP7 to brown pre-adipocytes promotes their differentiation into brown adipocytes. Importantly, in multipotent progenitors and primary white pre-adipocytes, BMP7 exposure determines BAT lineage commitment and differentiation, altogether providing compelling evidence for the role of BMP signaling in brown adipocyte formation and metabolism. 8, 9 Along the same lines, a recent study demonstrated that BMP4 may act as a brown adipogenic morphogen: overexpression of this factor in white adipose tissue of mice results in a conversion of white into brown-like adipocytes and is accompanied by a healthy metabolic phenotype that shows increased energy expenditure and insulin sensitivity. 10 Likewise, BMP8b increases sensitivity to sympathetic activation of brown adipocytes by increasing lipolysis, suggesting that this BMP ligand acts as a modulator of sympathetic nervous system (SNS)-mediated thermogenesis. In support of this notion, expression of BMP8b in cBAT is regulated by thermogenic and nutritional stimuli that may require such local modulation. 11 This finding is entirely consistent with the observation that systemic administration of BMP7 synergistically increases expression of brown fat markers after co-injection with the sympathetic agonist CL316,243. 8 To more broadly address the role of BMP signaling in brown adipogenesis, we recently generated two mouse models with genetic ablation of the type 1A BMP receptor, BMPR1A, in (1) Myf5 + progenitors that give rise to skeletal muscle and cBAT (Myf5-BMPR1A knockout (KO)), and in (2) all adipocytes using the aP2 driver, thus targeting cBAT, rBAT, and WAT (aP2-BMPR1A KO). 4 In Myf5-BMPR1A KO mice, a striking cBAT paucity was observed, whereas skeletal muscle development was mostly normal. Similarly, in aP2-BMPR1A KO mice, the formation of both types of brown, but not white, adipocytes was markedly inhibited, altogether suggesting that BMP signaling is essential for and plays a specific role in the development and differentiation of brown adipogenic progenitors. Mechanistically, the canonical downstream targets of BMPs, p38 mitogen-activated protein kinase (p38MAPK) and Smad signaling, have been implicated in these processes. 4, 9 Ablation of BMPR1A alone markedly inhibits BMP7-mediated Smad phosphorylation, and a complete blockage of differentiation could be achieved by double deletion of BMPR1A and a second type 1 BMPR, activin A receptor type 1 (ACVR1). Interestingly, the transcription factor Zfp423, which is known to determine an adipogenic fate in progenitors, increases sensitivity to BMP signals 12 and could be further enhanced by feedback mechanisms, as BMP7 has been shown to increase expression levels of this transcription factor. 8 Of note, the neuropeptide orexin, which is required for embryonic development and maturation of brown adipocytes, requires intact BMP signaling through BMPR1A for its brown adipogenic action, indicating that modulation of this signaling pathway may affect brown adipogenic processes at several stages. 13 
Systemic regulation of brown fat mass and thermogenic capacity
The general consensus is that BAT is the most important controller of non-shivering thermogenesis. However, the concept of BAT as a metabolic regulator beyond thermoregulation has recently emerged, suggesting a requirement for regulation of brown fat mass and function independent of temperature sensing in the central nervous system (CNS). Along these lines, several studies have shown that BAT may regulate nutrient levels, glucose homeostasis, and systemic insulin sensitivity. [14] [15] [16] These effects are at least partially mediated by endocrine signals that originate from brown adipocytes and that may not necessarily require input from central temperature sensing.
It has recently been suggested that thermogenic activity of brown adipocytes may be regulated by mechanisms other than the classical central-to-peripheral axis of the SNS. 17 Sympathetic tone, by far the best-characterized regulator of brown fat activity, induces thermogenesis in cBAT and lipolysis in WAT as a short-term measure to meet increased thermogenic requirements. A more long-term adjustment to a low-temperature challenge is hyperplasia of cBAT and/or browning of WAT (i.e., the recruitment of brown-like adipocytes within white fat depots). 18 This is consistent with observations made in the Myf5-BMPR1A KO mouse model with severe paucity of cBAT, where compensatory recruitment of brown adipocytes occurs within WAT. 4 As a result of this process, these animals display normal energy homeostasis and body weight, even under obesity-promoting conditions such as feeding a high-fat diet and thermoneutrality. Taken together, these findings emphasize the physiological potential of compensatory browning of WAT to maintain and fine tune the thermogenic capacity according to metabolic demands and environmental challenges. Our findings further indicate that the crosstalk between different depots of brown fat is mediated, at least in part, by the SNS, suggesting that direct sympathetic input to WAT serves as an important component of compensatory browning to maintain a normal thermogenic capacity (Fig. 1) . However, our analysis does not rule out that secreted factors, such as some of the recently identified browning molecules, may also play a role in systemic regulation of browning and thermogenic capacity that could even act independently of the SNS. In fact, we believe that such signals originating from different organs may be integrated with the temperature sensing-related sympathetic tone to determine systemic capacity for thermogenesis by modulating total brown fat mass (Fig. 1) . Therefore, we discuss here the modes of action of some exemplary secreted factors to highlight possible communication principles through which these and other factors may act to fine tune BAT-mediated control of systemic energy homeostasis alone or in conjunction with sympathetic input. BMP7, BMP8b, the myokine irisin, FGF21, prostaglandins (PGs), and cardiac natriuretic peptides (NPs), among numerous other secreted factors, have recently been identified to regulate brown fat physiology. 8, 11, [19] [20] [21] [22] Several recent articles have thoroughly reviewed the role of the browning factors. [23] [24] [25] Here, we focus on some of the exemplary factors to discuss potential mechanisms of action and the possibility that these factors may act independently of the SNS to induce browning, increase the sensitivity to SNS input, or facilitate a crosstalk between the peripheral and central regulation of thermogenesis.
Recently, it has been discovered that BMP8b is expressed in the hypothalamus and induces energy expenditure through BAT in an AMP-activated protein kinase (AMPK)-dependent manner by increasing sympathetic input to cBAT. 11 Similarly, systemic administration of BMP7 reduces body weight gain, at least in part due to induction of BAT-mediated energy expenditure. Intriguingly, BMP7 can also directly inhibit food intake following intracerebroventricular injection, which is independent of leptin activity, and through activation of the mTOR-p70S6K pathway, indicating that BMP7 can directly act in the CNS. This study also showed that BMP receptors are present in different hypothalamic regions that are involved in metabolic control. 26 As discussed above, a close interaction of the brown adipogenic and pro-thermogenic signals of BMPs with SNS-driven activation of thermogenesis suggests that a crosstalk between these two pathways on peripheral and central levels may be critical to modulate overall thermogenic capacity. BMP8b appears to be made by mature brown adipocytes and its expression is regulated by temperature and other metabolic cues, 11 suggesting that it is under control of central temperature sensing. By contrast, BMP7 is produced by the stromal vascular cells within the adipose tissue and thus may serve as a niche factor to drive the tissue resident progenitors to differentiate into brown fat lineage 8 (and T.J. Schulz and Y. Tseng, unpublished observations). Whether BMP7 expression is regulated by neuronal/ sympathetic stimuli is still unknown. When administered to mice receiving 3-adrenergic stimulation, BMP7 synergistically increased expression of UCP1 in WAT, suggesting that BMP7, like BMP8b, may increase the sensitivity of adipocytes to sympathetic tone. 8 While these synergistic effects on thermogenesis have been clearly documented, it remains to be determined whether BMPs can induce heat production in BAT without sympathetic stimulation.
Irisin was recently discovered as a protein secreted from skeletal muscle following physical activity that promoted the recruitment of brown adipocytes within WAT. 19 Importantly, increased irisin levels are anti-obesogenic and associated with increased energy expenditure and glucose tolerance, suggesting that at least some of the beneficial effects of physical activity may be due to enhanced browning of WAT. Thus, irisin represents a prominent example of signals emerging from peripheral organs and non-sympathetic regulation of systemic thermogenic capacity. It remains to be determined whether neuronal input may also affect secretion of irisin from skeletal muscle. Thus far, this protein presents an intriguing opportunity to increase systemic thermogenic capacity through a secreted and circulating molecule.
Recently, a similar browning phenotype has been observed in animals that were raised in an enriched environment. Like physical exercise, increased browning was observed in WAT of these animals. Strikingly, this did not require changes in temperature or activity. The authors show that hypothalamic signaling initiated by brain-derived neurotrophic factor (BDNF) is responsible for the peripheral browning of WAT, altogether further emphasizing that a close interaction between circulating factors and neuronal control of thermogenesis is in place. 27 Another example of BAT-to-WAT communication to promote browning comes from FGF21, a protein thought to be expressed and secreted from cBAT after sympathetic stimulation, for instance, in response to cold exposure. 20 FGF21 can act as a potent messenger molecule secreted from BAT to induce browning of WAT as a more long-term adaptation to a cold environment. Unlike irisin, local expression of FGF21 is regulated by sympathetic input, suggesting that the SNS acts through several pathways to control systemic capacity for thermogenesis. Aside from autocrine and endocrine effects on WAT following its secretion from brown adipocytes, the liver is the predominant source of FGF21, where it serves to regulate hepatic nutrient metabolism and the fasting response. 28 Given that FGF21 is secreted in response to different metabolic signals (e.g., fasting) it appears likely that some of these may impact thermogenic capacity without temperaturerelated sympathetic input. Interestingly, a recent study demonstrated that intracerebroventricular administration of FGF21 had insulin-sensitizing effects and increased energy expenditure, indicating that FGF21 may act in the CNS, possibly through a crosstalk mechanism that affects thermoregulation in the CNS. 29 Like FGF21, synthesis of PGs is regulated by the SNS and could add another regulatory cue to browning of WAT. Expression of cyclooxygenase-2 (COX2), which catalyzes a ratelimiting step of PG biosynthesis, is upregulated by sympathetic stimuli such as cold exposure. Moreover, administration of PGs promotes the differentiation of brown adipocytes from mesenchymal progenitors, and overexpression of COX2 promotes browning of WAT in vivo. In this study, the authors propose a feed-forward mechanism that results in the formation of rBAT with increased sensitivity to the sympathetic neurotransmitter norepinephrine. 21 Interestingly, norepinephrine is also secreted by alternatively activated macrophages, thus providing a non-SNS source of this hormone that may act through different molecular pathways to activate thermogenic gene expression in brown adipocytes and lipolysis within WAT. 30 As demonstrated by Nguyen et al., cold exposure leads to enhanced alternative activation of WAT resident macrophages that is dependent on interleukin (IL)-4 and IL-13. These findings add another layer of complexity to the regulatory sensing mechanisms that determine local and systemic thermogenic capacity. With regard to a possible central mechanism of action, it is well established that circulating PGs are involved in the fever response by acting on central temperature sensing. 31 Direct administration of PGs to the anterior hypothalamic preoptic area (POAH) similarly results in activation of brown adipose thermogenesis. 32 Given that the POAH is considered to be the responsible component of temperature sensing in the brain, these findings provide interesting evidence that this circulating browning molecule also acts centrally to affect thermoregulation in response to metabolic cues. 33, 34 Cardiac NPs, both atrial (ANP) and ventricular forms (brain natriuretic peptide, BNP), are believed to interact with the SNS to mediate browning of WAT. 22 Following cold exposure, circulating levels of these peptides increase along with expression of their receptors in WAT, ultimately leading to increased rBAT recruitment. Interestingly, this is accompanied by a decreased expression of the NP clearance receptor (NPRC), and genetic ablation of this receptor leads to browning of WAT, altogether indicating that the communication route from cardiac tissues may contribute to systemic energy metabolism by controlling brown fat physiology. 22 While it is currently unclear whether NPs can also affect thermogenesis independently of sympathetic drive, these peptides are also secreted in response to numerous signals, for instance cytokines and hormones, which mostly act through NF B and p38MAPK signaling, and may regulate thermogenic activity of brown fat. 35 
Conclusion
A number of other signaling molecules have been implicated in the formation and activation of brown adipocytes. 17 Here, we highlight only a small portion of them to exemplify the importance of systemically active signals originating from different anatomical sources. Total brown fat mass may be seen as a readout of maximum thermogenic capacity that could be utilized to regulate body temperature in response to changing ambient temperatures and possibly also adjustments following metabolic challenges and in response to variable nutrient availability. We propose that systemic integration of neuronal signals from the central and sympathetic nervous systems, as well as endocrine and locally secreted paracrine/autocrine factors originating from different organs in the periphery, determine total brown fat activity for thermoregulation and energy homeostasis. An important component of this system is the crosstalk between the two different types of BAT: cBAT and rBAT. Our recent findings suggest that sympathetic input induces a compensatory recruitment of beige/brite adipocytes within white fat under conditions of cBAT paucity. 4 Accumulating evidence also indicates that secreted factors acting as endocrine or autocrine/ paracrine signals are important regulators of brown adipocyte physiology in both types of BAT. It remains to be determined whether these secreted signals are modulators of the main driving signal, the SNS, or independent regulators that can directly promote BAT-mediated thermogenesis beyond the sympathetic tone. Additionally, it is currently unclear whether these factors exclusively act in the periphery or may have targets in the CNS. While we discuss existing published evidence that would allow such action in the CNS, it is currently unclear to what extent this also pertains to systemic regulation of thermogenic capacity. The hypothalamus could act as a central mediator that could integrate such signals with conventional thermo-sensing and regulation within the POAH. Identification of signals and their peripheral as well as central targets would provide valuable tools to improve therapeutic strategies that incorporate increased energy expenditure by brown adipocytes. Taken together, secreted factors originating from multiple locations of the periphery could help to fine tune systemic thermogenic capacity either by affecting sensitivity of cBAT to sympathetic input or by promoting adaptive recruitment of brown adipocytes within WAT. The notion that many of these factors also may act on targets within the CNS could help to integrate these thermogenic cues with the conventional thermoregulation in response to ambient temperature. A combination of individual, highly specific signals could therefore provide a veritable treatment for obesity and metabolic dysfunction. Systemic integration of brown adipogenic signals. Energy homeostasis is rigorously controlled by integration of central and peripheral mechanisms. The sympathetic nervous system (SNS) plays a key role in relaying brown adipogenic cues from constitutive BAT (cBAT) to white adipose tissue (WAT) to determine systemic capacity for thermogenesis and energy expenditure. For example, in situations where cBAT activity is reduced, for instance, due to ablation of bone morphogenetic protein receptor 1A (BMPR1A) or surgical denervation, this system is able to induce a compensatory recruitment of the beige/brite adipocytes within WAT to sustain normal body temperature and energy balance. 3, 4 Additionally, the recent identification of secreted factors that may affect browning of WAT
